Abstract Like varicella zoster virus in humans, simian varicella virus (SVV) becomes latent in ganglionic neurons along the entire neuraxis and reactivates in immunosuppressed monkeys. Five rhesus macaques were inoculated with SVV; 142 days later (latency), four monkeys were immunosuppressed, and T cells were analyzed for naïve, memory, and effector phenotypes and expression of programmed death receptor-1 (PD-1; T cell exhaustion). All T cell subsets decreased during immunosuppression and except for CD8 effectors, peaked 2 weeks before zoster. Compared to before immunosuppression, PD-1 expression increased at reactivation. Increased T cells before zoster is likely due to virus reactivation.
Introduction
Varicella zoster virus (VZV), an exclusively human alphaherpesvirus, causes varicella (chickenpox), after which virus becomes latent in ganglionic neurons along the entire neuraxis. As cell-mediated immunity to VZV declines with age or immunosuppression, virus reactivates to cause zoster (shingles). Simian varicella virus in primates parallels human VZV infection. Primary simian varicella virus (SVV) infection of monkeys produces varicella and a robust SVV-specific T cell response 7-14 days later (Messaoudi et al. 2009; Ouwendijk et al. 2013) . After primary infection, the virus becomes latent in ganglia and reactivates to produce zoster (Mahalingam et al. 2010 ). The T cell repertoire (naïve, memory, and effector populations) immediately before and during reactivation is yet unknown.
Because VZV-specific T cells decrease before reactivation, a better understanding of T cell phenotypes at reactivation is necessary. T cells may become functionally exhausted or unresponsive due to age or persistent infection (Day et al. 2006) . Exhausted T cells are characterized by an increase in expression of programmed death receptor-1 (PD-1). PD-1 expression has not been studied after varicella or zoster.
Materials and methods
Five rhesus macaques were inoculated intrabronchially with 10 4 pfu of SVV (n=3) or SVV-GFP (SVV expressing green fluorescent protein) (n=2). All monkeys developed varicella 9-14 days postinoculation (dpi). Five months later (142 dpi), four monkeys were irradiated once (200 cGy) and treated daily with tacrolimus (80μg kg
) and prednisone (2 mg kg
) for the duration of the experiment; one monkey was not treated but was subjected to the stress of transportation and isolation.
Zoster rash developed in all four immunosuppressed monkeys beginning 48 days post-immunosuppression as well as in the non-immunosuppressed monkey as previously described (Mahalingam et al. 2010 ). Blood samples obtained weekly were analyzed for T cell repertoire before and after primary infection, during latency, and at reactivation. Blood mononuclear cells were isolated and analyzed by flow cytometry for T cell markers CD3 (clone SP34-2), CD4 (clone L200), CD8 (clone SK1), CD28 (clone CD28.2), and CD95 (clone DX2). T cells were identified as naïve (CD28+ CD95−), memory (CD28+ CD95+), or effector (CD28− CD95+) cells. T cells were further analyzed for expression of PD-1 (clone J105) before immunosuppression and at reactivation. Results of flow cytometry from the four immunosuppressed monkeys were analyzed by ANOVA using GraphPad Prism software.
Monkeys were euthanized, and necropsy was performed 24-48 h after SVV reactivation, as verified by the appearance of zoster and confirmed by immunohistochemical analysis of skin biopsies. Skin was fixed in 4 % paraformaldehyde, and paraffin-embedded 5-μm sections were stained as described Fig. 1 Simian varicella virus (SVV) antigen in skin rash during reactivation. SVV antigens are seen in the epidermis and surrounding hair follicles after staining with rabbit anti-SVV gH and gL antibodies (a, arrows), but not in adjacent sections stained with normal rabbit serum (b) Fig. 2 CD4 T cells in blood from monkeys before and during experimental SVV infection, after immunosuppression, and during virus reactivation (zoster). At times indicated, blood was obtained and processed as described in "Materials and methods." Flow cytometric analysis was used to calculate numbers of naïve (CD28+, CD95−), memory (CD28+, CD95+), and effector (CD28−, CD95+) T cells (a, c) and their percentages of CD4 T cells (b, d) . Total CD4 T cell counts increased significantly in naïve, memory, and effector populations 14 days postinfection (dpi) in all monkeys compared to those before infection (a, c; p<0.05). After immunosuppression, all T cell subsets declined (a, p<0.05), whereas at 176 dpi (2 weeks before zoster), all CD4 T cells increased (a, p<0.05). The percentage of naïve, memory, and effector CD4 T cells remained constant (b). CD4 T cells in the non-immunosuppressed monkey also declined after transportation to the radiation facility, but not to the extent seen in immunosuppressed monkeys (c); the percentages of naïve, memory, and effector T cells also remained stable (d). Arrow indicates day of inoculation; black bar indicates time of immunosuppression. Data points represent the mean value ± standard error of the mean (SEM) (Mahalingam et al. 1996) with rabbit polyclonal antibodies directed against SVV glycoproteins H and L (1:5,000); normal rabbit serum applied to adjacent sections served as a negative control. Slides were incubated at 4°C for 16 h, washed, and incubated with biotin-labeled goat anti-rabbit IgG (1:300), followed by incubation with alkaline phosphatase-conjugated streptavidin and new fuchsia substrate.
Results
Detection of SVV antigen in skin rash confirmed the presence of zoster (Fig. 1) . Seven days after immunosuppression (151 dpi), significant decreases in absolute counts of naïve, memory, and effector CD4 (p=0.004, 0.003, 0.05, respectively) and CD8 (p=0.005, 0.01, 0.02, respectively) T cells were found (Figs. 2a and 3a) . Although a decline in all T cell subsets was also seen in the non-immunosuppressed monkey (151 dpi), T cell counts increased immediately thereafter and remained higher than in immunosuppressed monkeys (Figs. 2c and 3c) . Importantly, 14 days before zoster, there was a significant increase in CD4 naïve, memory, and effector cells (p=0.02, 0.05, 0.009, respectively) and in CD8 naïve and memory cells (p=0.02, 0.02, respectively). This effect was not seen in the non-immunosuppressed monkey (Figs. 2c and 3c) .
Relative percentages of all CD4 T cell subsets remained c o n s t a n t i n b o t h i m m u n o s u p p r e s s e d a n d n o nimmunosuppressed monkeys during latency and reactivation (Fig. 2b, d ). The percentage of CD8 naïve T cells began to increase 5 weeks before reactivation in immunosuppressed monkeys, while memory and effector T cells declined. Percentages of all CD8 T cell populations in the non-immunosuppressed monkey remained constant before rash (Fig. 3b, d) .
T cells examined before immunosuppression and at the time of reactivation were also evaluated by flow cytometry for expression of PD-1 (a marker of T cell exhaustion), a term used to describe T cells that are unresponsive to antigenic stimulation. At the time of zoster (190 dpi), expression of PD-1 increased in all CD4 T cell phenotypes compared to before immunosuppressive (142 dpi). This increase was statistically significant in CD4 naïve T cells (p=0.04, Fig. 4a ). In comparison, PD-1 expression in the non-
Fig. 3 CD8 T cells in blood from monkeys before and during experimental SVV infection, after immunosuppression, and during virus reactivation (zoster). At times indicated, blood was obtained and processed as described in "Materials and methods." Flow cytometric analysis was used to calculate numbers of naïve (CD28+, CD95−), memory (CD28+, CD95+), and effector (CD28−, CD95+) T cells (a, c) and the total CD4 T cells (b, d).
Total CD8 T cell counts increased significantly in naïve, memory, and effector populations 14 days postinfection (dpi) in all monkeys compared to those before infection (a, c; p<0.05). After immunosuppression, all T cell subsets immediately declined (a, p<0.05); at 176 dpi (2 weeks before zoster), naïve and memory T cells increased (a, p<0.05). The relative percentages of CD8 memory and effector T cells remained similar to each other, while naïve cells increased during latency until zoster (b). CD8 T cells in the non-immunosuppressed monkey also declined after transportation to the radiation facility, but not to the extent seen in immunosuppressed monkeys (c). The relative percentages of CD8+ memory remained constant, while the percentage of naïve and effector cells fluctuated at 42 dpi; they were otherwise consistent throughout the study (d). Arrow indicates day of inoculation; black bar indicates time of immunosuppression. Data points represent the mean value ± SEM immunosuppressed monkey increased only in CD4 memory and effector cells (Fig. 4c) .
PD-1 expression was also significantly increased in the CD8 naive T cells (p=0.008) in immunosuppressed monkeys (Fig. 4b) and only slightly in CD8 memory and effector populations. In contrast, PD-1 expression in the non-immunosuppressed monkey was decreased on CD8 naïve cells at reactivation compared to latency (142 dpi), while PD-1 expression on CD8 memory and effector cells did not differ (142 to 190 dpi) (Fig. 4d) . PD-1 expression at other times during immunosuppression could not be determined due to low absolute T cell numbers resulting from immunosuppression.
Discussion
At 1 week after primary SVV infection, the number of all CD4 and CD8 naïve, memory, and effector T cells were significantly increased compared to before infection, indicative of a cellmediated immune response. These findings support those of Messaoudi et al. (2009) which demonstrated an increase in SVV-specific T cells in rhesus macaques 7 days after SVV infection. Herein, SVV-specific T cell responses could not be determined because the number of T cells was too low due to immunosuppression.
Immunosuppression of latently infected monkeys resulted in a significant decrease in total T cell counts as seen in humans receiving chemotherapy (Locksley et al. 1985; Bilgrami et al. 1999) . The immunosuppression treatment used significantly decreased the total number of T cells; all subsets decreased, indicating that it did not affect one type of T cell more than another. However, it is noted that the increase in the percentage of CD8 naïve T cells, and simultaneous decrease in CD8 effector cells, could be a result of immunosuppression and that a proper CD8 effector response is necessary to control reactivation. Importantly, 2 weeks before zoster, all T cell subsets increased in latently infected immunosuppressed monkeys, most likely in response to virus reactivation, a finding that might have been predicted based on the ability of humans to make a VZV-specific cell-mediated immune response when exposed to VZV (Hayward et al. 1991; Asano et al. 1994; Weinberg et al. 2009 ). It is not possible to predict when a person will develop zoster; thus, there are no reports of T cell counts weeks before zoster in humans. However, VZV does reactivate before rash as evidenced by chronic radicular pain in the same dermatome in which rash eventually develops .
Finally, VZV-specific T cells in humans decline with age, possibly due to functional T cell exhaustion with age or immunosuppression. When monkeys developed zoster, PD-1 expression was increased in all CD4 and CD8 T cells compared to latency. While the relationship of PD-1 expression to T cell function during VZV reactivation in humans is unknown, PD-1 expression on T cells is increased in humans chronically infected with HIV and hepatitis C virus (Day et al. 2006; D'Souza et al. 2007; Larrubia et al. 2009 ; Urbani et al. Fig. 4 Expression of programmed death receptor (PD)-1 in blood of SVV-infected animals before immunosuppression and during reactivation (zoster). As described in "Materials and methods," PD-1 expression was determined by flow cytometry in both CD4 (a, c) and CD8 (b, d) T cells before immunosuppression (142 dpi) and 48 days later (190 dpi) when two monkeys developed zoster. PD-1 expression increased significantly in CD4 and CD8 naive T cell subsets at the time of zoster in immunosuppressed monkeys (p= 0.04 and 0.008, respectively). In the non-immunosuppressed monkey that developed zoster after the stress of isolation and transportation (c, d), PD-1 expression increased in CD4 memory and effector cells (b), but not in other cell types (d). Data points represent the mean value ± SEM 2006) as well as in monkeys chronically infected with SIV (Finnefrock et al. 2009 ). PD-1 expression in SVV-specific T cells remains to be analyzed.
